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The process-related surface state e�ect is investigated the fabrication of SiC devices, and a nonlinear model for

4H-SiC power metal-semiconductor �eld e�ect transistor (MESFET) is proposed, which takes into account the surface-

related parameters. The frequency- and temperature- dependent transconductance dispersion is readily demonstrated

in terms of the improved model. Simulation results show that larger dispersion and higher transition frequency occur in

4H-SiC MESFET than in GaAs MESFET. The advantage of this analytical model over the two-dimensional numerical

simulation is the simplicity of calculations, therefore it is suitable for the processing improvement of SiC devices.
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1. Introduction

Silicon carbide (SiC) is a promising wide band-

gap material for power radio frequency devices, be-

cause it has high values of breakdown electric �eld,

electron saturation velocity, thermal conductivity and

antiradiation. The excellent �gure of merit of 4H-SiC

metal-semiconductor �eld e�ect transistor (MESFET)

makes it a potential candidate for applications in high-

de�nition television systems, phased array radars and

the next generation telecommunication base stations,

etc.

SiC MESFET has much more diÆculties in fab-

rication than GaAs FET because of higher anneal-

ing temperature (more than 1500ÆC for ion implan-

tation and near 1000ÆC for ohmic contact) and lim-

ited, etching. The recess gate processing, which is

commonly used in microwave power MESFET su�ers

surface degradation in 4H-SiC MESFET. The reason

is that the, etching of the SiC materials is limited to

the dry-etch, i.e. reactive ion, etching (RIE), wherein

the, etching damage occurs and increases the surface

state density. The surface states yield the dispersion

of Schottky barrier high at gate region and decreasing

source-drain resistance at un-gate region. Although

the process such as SacOx or ICP has been used after,

etching, it is hardly to eliminate the damage. Addi-

tionally, surface passivation required for power MES-

FET increases the SiO2/SiC interface e�ects. Thus

the in
uence on the characterization of MESFET has

to be taken into account. It is of same importance

as the bulk trapping e�ect occurring at the inter-

face of channel/bu�er and in a p-bu�er layer. How-

ever, few papers published in recent years have con-

sidered physically the e�ect of surface states on the

output characterization in modelling of 4H-SiC MES-

FET, mainly because SiC is the immature material

and the SiC-based devices are still under research.

Some related papers demonstrated the evidence only

in measurements.[1;2] But for GaAs-based microwave

devices, more detailed analysis, physically and numer-

ically, are shown in Refs.[3{5]. Some measurement-

based large-signal nonlinear models �nd wide appli-

cations in power MESFET, including GaAs and SiC.

However, these models cannot de-embed the surface

e�ects because the relevant parameters do not come

from physics but from data extraction. For the de-

sign and fabrication of SiC MESFET, it is neces-

sary to develop a physical model for the description

of surface state e�ects. In this paper, an advanced

analytical model for 4H-SiC power MESFET is pro-

posed, which takes into account the surface state ef-

fects. The steady-state and transient analysis show

the frequency- and temperature- dependent output

characterization clearly and simply, compared with
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the complicated two-dimensional numerical simula-

tions.

2.Fabrication process and sur-

face state formation
Figure 1 shows the cross-section view of power

4H-SiC MESFET. The channel between source and

drain is, etching-recessed to increase the output power

and decrease the noise. One p-bu�er layer commonly

used in SiC MESFET has di�erent thickness in di�er-

ent substrate types, i.e., 5{8�m for conducting sub-

strates (0.01�0.02 ohm-cm, �1018cm�3 doping), less

than 1�m for semi-conducting substrates (> 1� 1015

ohm-cm). This layer may yield an obvious bulk trap-

ping e�ect. The traps are at the channel/bu�er in-

terface or in bu�er and substrate occurring as deep

level traps, accordingly they have the heavy impact

on output characteristics. Emphasis in this paper

is put on the surface state e�ect that is determined

mainly by the fabrication process. The 4H-SiC mate-

rial with N/P/N/N+ multi-layer is used to fabricate

power MESFET. The conventional process includes:

mesa and recess gate region formation, source and

drain ohmic contact formation with metal Ni deposi-

tion and annealing, gate metal Ti/Pt/Au deposition,

interconnection and air bridge formation, surface pas-

sivation. Only the dry, etching (RIE or plasma, etch)

method could be used in the recess region of 4H-SiC

MESFET, thus yielding lattice damage and increas-

ing the surface state density. As a result, not only

could there exist a transitional interfacial layer be-

tween gate metal and SiC, but also the interface states

would change the energy spectrum in the energy band-

gap. Consequently, the ideal Schottky contact bound-

ary condition is changed and the dispersion of Schot-

tky barrier high �bi arises. At the un-gate region, the

thin depletion layer caused by the surface states in-

creases the source and drain resistance, and this trend

is frequency- and temperature- dependent. Simultane-

ously, the lateral surface electron mobility in the chan-

nel is decreased by surface roughness scanning. So the

practical channel mobility has a magnitude smaller

than that obtained in Hall measurements. In fact,

the electron saturation velocity also decreases, but the

change is very small. As the reverse bias on the gate

is increased, the gate leakage current also increases as

a consequence of either tunnelling or thermionic emis-

sion. The emitted electrons are trapped by surface

states, causing the build-up of a large amount of neg-

ative surface charges. The more the surface states that

are available to trap electrons, the greater the reduc-

tion of the lateral electric �eld between the gate and

the drain. This will change the �eld-dependent mo-

bility and complicate the carrier transportation, but

increase the gate-to-drain breakdown voltage.

Fig.1. The cross-section view of a power 4H-

SiC MESFET.

3.Modelling of surface-state re-

lated parameters

What is described above is considered in the de-

vice basic parameters to investigate the e�ect of sur-

face states physically. Equation (1) shows the bulk re-

sistances of gate-source, gate-drain and channel under

gate, which are very important for the output charac-

terization of MESFET.

Rgs = Lgs=(q�N
+
DWa);

Rgd = Lgd=(q�N
+
DWa);

Rch = Lg=[q�N
+
DW (a�WR)]; (1)

where Lgs, Lgd, Lg, a,�, N
+
D , WR and W are the

gate-source space, gate-drain space, gate length, chan-

nel thickness, ionized channel doping, gate width and

the zero bias depletion width under gate, respectively.

Under the in
uence of surface states, a depletion layer

with width W0 forms because of the surface elec-

trons congregation. W0 is approximately equal to WR

theoretically[3] and experimentally.[2] Additionally, a

small low-frequency ac signal modulates the gate volt-

age Vgs in the transconductance measurement. This

will cause the capture of electrons and thereby in-

crease another change of depletion layer thickness

�W0, given as follows:

�W0 =
�ns(f; T )

N+
D

; (2)

where �ns(f; T ) is the surface state occupancy. It

is frequency-and temperature-dependent from the
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Laplace transform, as in Ref.[5]:

�ns(f; T ) =
n0

n0 +Nc
Nss

1

1� j
en
!

; (3)

where n0, Nc, Nss and ! are the surface electron con-

centration, conduction band e�ective density of states,

surface state density and angular frequency, respec-

tively; en is the emission rate of the surface electron

trap, given by

en = Nccnexp

�
�

ET

kBT

�
; (4)

where cn is the capture coeÆcient of surface electrons,

and ET is the activation energy. As described above,

we can modify the bulk resistance as follows:

Rgd = Lgd

��
q�N+

DW

�
a�

�
W0 +

�ns(f; T )

N+
D

���
;

Rgs = Lgs

��
q�N+

DW

�
a�

�
W0 +

�ns(f; T )

N+
D

���
:

(5)

Theoretically, the pinch-o� voltage Vp = qNDa
2=

2"r"0 will change because of decreasing the e�ective

channel thickness. We assume the pinch-o� voltage

unchanged in this paper. The reason is that the ef-

fect of surface states occurs clearly in the large output

current region which is far apart from the pinch-o� re-

gion. Practically, Vp is very complicated and is di�er-

ent from the above calculation.[6] It may be a�ected

easily by the bulk trap in p-bu�er layer but not by

surface states. The experimental evidence has been

shown in Ref.[2].

The relation between electron mobility and the

channel lateral electric �eld is of great complexity.

Equation (6) gives the experimental expression[7] and

the precision depends on the �tting coeÆcient �.

�(E) =
�0�

1 +

�
�0E

�sat

���1=�
: (6)

It is not rigorous to analyse the surface-related mo-

bility with the above �tting expression. The reason

is that we cannot extract the surface-state e�ect from

the coeÆcient �. Here we only use the low-�eld mobil-

ity �0 in modelling the short gate length (0.5{0.7�m)

SiC-MESFET because the theory of velocity satura-

tion is suitable for the analytical models and only the

low-�eld mobility is concerned (described in section

4). The assumed smaller low-�eld mobility than that

published in other papers is used here for the descrip-

tion of surface state e�ect on lateral electron mobility.

4.Analytical model for 4H-SiC

power MESFET

The relevant parameters described above are em-

bedded in the analytical model of I-V characteristics[8]

to demonstrate the steady-state and transient state

phenomena caused by the surface states, shown as:

Ids(Vgs; Vds) = Idsat � (1 + � � Vds) � tanh(� � Vds); (7)

where

Idsat = qN+
D�sataW (1� um);

� = gds(Vgs; Vds)=Idsat(Vgs);

� = gd0(Vgs)=Idsat(Vgs):

From the relation between intrinsic and extrinsic

bias voltages, shown as Vgs(int.)=Vgs(ext.)�IdsRs and

Vds(int.)= Vds(ext.)�Ids(Rs + Rd), it is clear that

Eq.(7) is in an iterative form. All the above param-

eters are not �tting coeÆcients but calculated theo-

retically. So the developed model can guarantee the

physical analysis of the surface state mechanism.

From Eq.(7), one can easily calculate the steady-

state or the frequency-related output I-V character-

istics and transconductance. The theoretical low-

frequency dispersion of transconductance for GaAs

MESFET is given as follows[3;5]:

g0m(f; T ) =

Vgs"W

LgWR
�(T )

�
1 +

Rgs +Rgd

Rch

�2 ; (8)

Equation (8) is suitable for describing GaAs devices in

the linear region under very small Vgs and Vds condi-

tions, thus Vgs � Vds. In our model, the expression is

slightly di�erent for the transconductance in 4H-SiC

MESFET is di�erent from that in GaAs FET. This

parameter is directly extracted from the I-V character-

istics utilizing the de�nition gm = @Ids=@VgsjVds=cons.

5.Simulation results and analy-

sis

Equations (1){(5) are implemented in the de-

veloped analytical model (7). The frequency- and

temperature- dependent I-V characteristics and the

extracted transconductance can easily be derived.

Figure 2 demonstrates the steady-state I-V curve

for large current. The low-frequency dispersion is



392 Yang Lin-An et al Vol. 12

not included but the lower mobility caused by sur-

face states is shown. The relevant material param-

eters and device structure for calculation is given

in Refs.[9] and [10]: ET=240meV, NSS=10
11 �

1012cm�2, Cn = 5�10�7cm3/s, n0 = 10�N+
D , ND =

1:7� 1017cm�3, Lg=0.7�m, Lgs=0.5�m, Lgd=2.5�m,

a=0.27�m, W=150�m. Vbi and NC are temperature-

dependent and can be calculated theoretically.[6] The

ionized channel doping N+
D can be derived from the

properties of 4H-SiC material.

Fig.2. The steady-state I-V output characteristics

with and without surface state e�ect. The lower elec-

tron mobility describes the e�ect of surface scanning.

Fig.3. The normalized transconductance versus gate

signal frequency at di�erent temperature. For 4H-SiC

MESFET, the quiescent bias Vgs=0V, Vds=0.5V is in

the linear region.

Shown in Fig.3 is the normalized transconduc-

tance gm(f)=gm(10Hz). It is obvious that there ex-

ists a dispersion in the low-frequency region, com-

pared with the radio frequency and microwave appli-

cations. Also shown in the curve is the heavy im-

pact of the temperature on the transconductance dis-

persion. Compared with the applications of GaAs

power MESFETs, the SiC power MESFETs can work

in higher temperature range, the transition-frequency

point moves in turn to the higher frequency region and

a�ects the microwave characterizations negatively.

Figure 4 illustrates the normalized transconduc-

tance versus surface state density NSS. The large

NSS can cause a serious e�ect. If the density de-

creases below 1011cm�2, the dispersion becomes very

small. The dispersion is very sensitive to NSS, thus

the processing-caused surface states must be consid-

ered carefully in device fabrications.

Fig.4. The transconductance dispersion under di�er-

ent surface state densities. It nearly disappears when

NSS < 1011cm�2.

Fig.5. The impact of gate reverse leakage current Ir

on transconductance. The large leakage current re-

sults heavy dispersion.

The electron congregation in a very thin layer

(about 5{10nm) at the surface can form a surface con-

duction channel that yields the reverse leakage current



No. 4 Low frequency e�ects of surface states on ... 393

and thus degrades the performance of devices. Figure

5 displays the in
uence of gate reverse leakage cur-

rent Ir on transconductance. The results show that

the leakage current must be controlled in processing,

otherwise heavy degradation would occur.

6.Conclusion

Because of more diÆcult processing in SiC MES-

FET fabrications, there exists the heavy e�ect of sur-

face states on the performance of devices compared

with GaAs MESFET. In this paper, we have devel-

oped an improved model to investigate the surface

state e�ect theoretically. The degradation of out-

put I-V characteristics and the low frequency- and

temperature- dependent transconductance dispersion

are derived from the model. The calculations are sim-

ple compared with commonly used two-dimensional

numerical simulations. The simulation results show

that the low-frequency dispersion of transconductance

occurs at the higher-frequency region (104Hz{105Hz

at 300K) because of lower activation energy of 4H-

SiC than that of GaAs. Meanwhile, the dispersions

of transconductance are larger. These will have great

in
uence on the radio frequency and microwave appli-

cations of SiC MESFETs.
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